Introduction
Ciliopathies are a group of syndromes caused by genetic mutations encoding proteins related to the formation or function of the embryonic primary cilium [1] . The primary cilium is composed of three parts: a basal body (attached to the actin network of the cell), an axoneme (projecting microtubules) and a ciliary membrane (covering the axoneme) [2] . The primary cilium is the site of hedgehog signal transduction which includes Sonic hedgehog (involved in limb patterning and the pathogenesis of ulnar polydactyly) and Indian hedgehog (involved in the coordination of chondrocyte proliferation and differentiation) [2, 3] .
Ellis-van Creveld (EVC) syndrome (also known as chondroectodermal dysplasia, MIM 225500) is one of the rarest ciliopathies. It is inherited as autosomal recessive and is caused by mutations of the EVC and EVC2 genes which encode the EVC proteins present in the basal body of the primary cilium. The syndrome is known to be prevalent in Amish, Brazilian and Ashkenazi Jewish populations [4, 5] . Outside these populations, the birth prevalence has been estimated to be 7/1,000,000 live births [6] . * Corresponding author at: PO Box 18097, Riyadh, 11415, Saudi Arabia.
The EVC syndrome is characterized by disproportionate short limb dwarfism, ulnar polydactyly, cone-shaped epiphyses, capitate-hamate fusion, hypoplasia of the distal phalanges, dysplastic nails, oligodontia, multiple frenulae, conical teeth, and short ribs. About two-thirds of patients have cardiac defects [7, 8] . A characteristic defect in the lateral aspect of the proximal tibial epiphysis (leading to genu valgum) has also been reported [8] .
Although cone-shaped epiphysis is a known radiological feature of EVC syndrome, it is usually limited to the middle or proximal phalanges. In this report, we describe two Saudi siblings with EVC syndrome and a very unusual wide-spread cone-shaped epiphyses of the hands and feet. This finding has not been previously reported. Furthermore, our report represents the first Saudi family with EVC syndrome confirmed by gene analysis. The work has been reported in line with the SCARE criteria [9] .
Case reports
Two Saudi siblings presented to the senior author (MMA) with classic features of EVC syndrome. The parents were first degree cousins and had no abnormalities. The clinical and radiological features of their two affected children are summarized in Table 1 Cone-shaped epiphyses of all proximal phalanges, hypoplasia of the distal phalanges. All coding exons of the EVC and EVC2 genes were amplified by PCR and the amplified products were then sequenced and analyzed for sequence variations. DNA analysis revealed a homozygous c.2T >A trans-version in exon 1 of the EVC gene in both affected children. Parents were heterozygous for the same mutation. This change converts the start codon from ATG to AAG and will disrupt the translation of the EVC protein. The mutation is known to be a disease-causing mutation [10] .
Discussion
The EVC syndrome is very rare and is worth reporting. Furthermore, our report aims to report on the first Saudi family with EVC syndrome confirmed by gene analysis. The largest cohort (371 patients from 265 family) of various ciliopathy syndromes was recently reported; including families from Saudi Arabia [11] . In that cohort, none of the patients had mutations of the EVC/EVC2 genes; confirming the rarity of the EVC syndrome [11] .
The most interesting finding in our patients was the widespread cone-shaped epiphyses in the hands and feet. The EVC protein is part of the basal body of the primary cilium which is the site of Sonic and Indian hedgehog signaling. Experimentally, abnormalities of the EVC protein lead to disruption of hedgehog signaling [10, 12] . The Indian hedgehog is involved in the coordination of chondrocyte proliferation and differentiation; and this is the most likely cause of cone-shaped epiphyses.
Although genotype-phenotype relationships are controversial in EVC syndrome, certain mutations are known to be hypomorphic; and these mutations cause a less severe phenotype [13, 14] . In patients with these hypomorphic mutations, the cone-shaped epiphyses are either absent or seen in a single phalanx [13, 14] . We also did an extensive literature search on the distribution of coneshaped epiphyses in all other reported cases of EVC syndrome and did not find any cases with wide-spread cone-shaped epiphyses similar to our cases. In previous cases of EVC syndrome, the coneshaped epiphyses were seen in either in the proximal or middle phalanges [6, 15, 16] . In our second case, cone-shaped epiphyses were seen in all of the phalanges (proximal, middle, and distal phalanges) as well as all of the metacarpals (see Fig. 5 ).
It is important to realize that cone-shaped epiphyses are also seen in other ciliopathy syndromes [17] [18] [19] [20] [21] . This is not surprising because the hedgehog signaling is abnormal in all ciliopathy syndromes. Furthermore, Al-Qattan [19] reviewed the literature on craniofacial syndromes with cone-shaped epiphyses and these included: trichorhinophalangeal syndrome, cleidocranial dysplasia, cartilage-hair hypoplasia, and Albright hereditary osteodystrophy. All these syndromes have in common abnormalities of embryonic bone and cartilage development. The presence of a defect in the lateral aspect of the proximal tibial epiphysis is highly characteristic of EVC syndrome [8] . This is also considered as an epiphyseal abnormality; and it was present in our patients. Tsuji et al. [22] demonstrated that EVC mRNA was present in the chondrocytes of the tibial epiphyseal growth plate. The expression of EVC in the growth plates of the phalanges and metacarpals has not been studied and is worth exploring.
Conclusion
EVC syndrome is very rare in the Middle East. We report on a Saudi family with two affected children. Gene analysis revealed a homozygous c.2T >A in exon 1 of the EVC gene. The most interesting finding in our patients was the wide-spread cone-shaped epiphyses in the hands and feet. This finding has not been previously reported. The epiphyseal abnormality is probably related to abnormal Indian hedgehog signaling in the primary cilium.
